The electrostatically stabilized complex between Anahaena variabilis ferredoxin -NADP' reductase and Azotobacter vinelandii flavodoxin has been covalently cross-linked by treatment with l-ethyl-3-(3-dimethylaminopropy1)carbodiimide. The covalent complex exhibits a molecular mass and FMN/FAD content consistent with that expected for a 1 : 1 stoichiometry of the two flavoproteins. lmmunochemical cross-reactivity is exhibited by the covalent complex with rabbit antisera prepared separately against each protein. The complex retains NADPHferricyanide diaphorase activity although the K,,, for ferricyanide is increased twofold and the turnover number is decreased by a factor of two when compared to native reductase. NADPH -cytochrome-c reductase activity of the complex is observed at a level that is quite similar to that determined at saturating concentrations of flavodoxin, while it is only 1-2% of that exhibited by the reductase in the presence of ferredoxin. No stimulation of cytochrome-c reductase activity is observed on adding ferredoxin to the cross-linked complex. Stopped-flow data show that covalent cross-linking of the flavodoxin to the reductase reduces the rate of electron transfer from its semiquinone form to cytochrome c by a factor of 60. Anaerobic titrations of the reduced complex with NADP' show the semiquinone/quinol couple of the flavodoxin is increased 100 mV relative to the free form and the quinone/quinol couple of complexed ferredoxin -NADP' reductase is increased by only 25 mV, relative to the free protein. Addition of NADPH to the cross-linked complex reduces the FAD of the reductase as well as the FMN moiety of flavodoxin to a mixture of semiquinone and quinol forms. I t is well-known that ferredoxin -NADP+ reductase (FNR) forms stable 1 : 1 complexes with a number of electrontransfer proteins such as ferredoxin, rubredoxin, and flavodoxin [l -31. Complex formation is sensitive to the ionic strength of the medium and, therefore, these protein complexes are thought t o be stabilized principally by electrostatic interactions. A number of studies [4-61 have shown that such interactions are required for rapid intermolecular electron transfer. Previous work has shown the advantage of covalent cross-linking of redox protein complexes as a tool to probe those interactions which may be important in facilitating electron transfer [7, 81. Although extensive literature exists on the interaction of FNR with ferredoxins, relatively little is known about the properties of the flavodoxin complex. Several flavodoxins are known to substitute for ferredoxin in the photoreduction of NADP' in the chloroplast assay [9, lo]. Azotobacter flavodoxin is able to function in this assay only under strictly anaerobic conditions [ll] which led us to question whether this flavodoxin bound to FNR at all. Recent studies in our kAbOratOry have shown that Azotobacter flavodoxin binds Correspondence to C. Gomez-Moreno, Departamento de Bioquimica y Biologia Molecular y Celular, Facultad de Ciencias, Universidad de Zaragoza, E-50009 Zaragoza, Spain
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Abbrevintions. FNR, ferredoxin -NADP'-reductase; EDC, 1 -ethyl-3-( 3-dimethy1aminopropyI)carbodiimide.
Enzymes. Ferredoxin -NADP+ reductase (EC 1.18.1.2); diaphorase, dihydrolipoamide dehydrogenase (EC 1.8.1.4); NADPHferrihemoprotein reductase, NADPH -cytochrome-c reductase, cytochromc P450 reductase (EC 1.6.2.4); NADase (EC 3.2.2.5).
very tightly to Anahaena FNR (Kd = 7 pM) [12] and, thus, it was of interest to study the properties of the FNR complex of this flavodoxin and compare them with those published for the ferredoxin-FNR complex [7] . The extensive similarity of the microsomal cytochrome-P450 reductase has been recently reported with flavodoxin and FNR [13] . Although it does not necessarily imply that the mechanism of electron transfer would be similar for both enzymes, the structure/function studies on these complexes could be relevant to our understanding of flavin -flaviq electron transfer in this important mammalian enzyme. We report here the preparation and characterization of this FNR-flavodoxin covalent complex, from two nitrogen-fixing organisms, which appears to have properties identical with the noncovalent complex.
MATERIALS AND METHODS
Azotobacter flavodoxin was purified from cells (strain OP) grown under nitrogen-fixing conditions as described earlier [14] . A . variabilis FNR was purified from cells grown autotrophically on nitrate according to the procedure of Sancho et al. [I 51 . All reagents were purchased from commercial sources and were of analytical grade. Cross-linking reactions were performed at 20°C in 25 mM phosphate, pH 7.0, using 35 1 M concentrations of each protein. l-Ethyl-3-(3-dimethylaminopropy1)carbodiimide (EDC) was added to a final concentration of 2 mM and aliquots taken at various intervals to either assay the activity or to quench the reaction by the addition of dissociation buffer (1 % SDS, 1 % 2-mercap-1 -07 0 toethanol, 40% sucrose in 0.4 M sodium phosphate, pH 3) before application to the electrophoresis gel. SDS/polyacrylamide gel electrophoresis was performed as described by Laemmli [I 61. Enzymatic assays were performed as described earlier [ I 51. Rabbit antisera for FNR and for flavodoxin were obtained by standard procedures after injection of approximately 300 pg of each homogeneous protein. Anaerobic titrations were performed under an argon atmosphere using a cell similar to that of Burleigh et al [17] . For the complex reoxidation experiments the concentration of the corresponding proteins were calculated using the following extinction coefficients: flavodoxin semiquinone Stopped-flow kinetic studies were performed anaerobically using a kinetic instrument apparatus as described previously [20] .
RESULTS AND DISCUSSION

Cross-linkrcl complex formation
Treatment of the FNR and flavodoxin complex with the water-soluble carbodiimide EDC results in the formation of a covalent complex between the two proteins as judged by SDS/PAGE. The gel scans in Fig. 1 a show the time course of this formation. Three different protein bands are observed at intermediate times; the bands at 23 kDa and at 36 kDa being due to flavodoxin and FNR, respectively, while the band at 59 kDa is due to the cross-linked complex. This molecular mass is characteristic of a 1 : 1 complex of these two proteins. The time course of the reaction (Fig. 1 b) , determined by scanning densitometry of the gels, shows it to be essentially completed by 60 min with approximately 90% yield of the covalent complex. If the concentration of flavodoxin is increased in the reaction mixture, faint additional bands of molecular mass 82 kDa and 46 kDa are observed which is suggested to be due to the covalent dimer of flavodoxin and the FNR complex of that dimer, respectively (bands corresponding to these species are observable in Fig. 1 a) .
The yield of cross-linked complex is highly dependent on the ionic strength of the medium as expected for an electrostatic interaction between the two proteins. with low ionic strength favoring increased yields (data not shown). In addition, a higher yield of cross-linked complex was observed at pH 6.5 than at 8.0. These pH data are consistent with previous observations [21] that showed the binding of spinach ferredoxin to spinach F N R was increased 25-fold at pH 6.5, as compared to pH 8.0. Similar pH-dependent data have been reported for the binding of Megaspharra chdenii flavodoxin to spinach FNR [3] .
It should also be noted that the cross-linked complex could also be formed when, previous to the addition of the carbodiimide, both flavoproteins were reduced by illumination in the presence of 5-deazariboflavin and EDTA.
Cross-linked complex formation is also observed if only F N R is reduced (by anaerobic addition of NADPH; data not shown). These data show that the two proteins interact when partially or fully reduced; a property also shown by spinach F N R and ferredoxin [22] .
Quantities of the covalent cross-linked proteins, sufficient to perform spectral and chemical analyses, were obtained by treatment of 5 0 p M concentrations of each protein in thc mixture with EDC for 120 min and separation of the covalent complex from unreacted protein by Sephadex G-I 00 (superfine) column chromatography (0.75 cm x 90 cm). The complex is readily separated from unreacted flavodoxin and FNR with an apparent molecular mass of 59 kDa. The absorbance spectrum of the isolated complex is essentially identical with that observed for the noncovalent complex of the two proteins. Flavin coenzyme analysis demonstrated both FMN and FAD to be present in a 1 : 1 stoichiometry as expected for a 1 : 1 complex of the two proteins.
Immunochemical characterization
The cross-linked complex formed by Anaharna F N R and Azotohacter flavodoxin shows similar immunochemical behavior to free FNR, since they both show identical titers with antibodies prepared against this flavoprotein when followed by diaphorase activity (data not shown).
Double immunodiffusion experiments of the complex show ( Fig. 2) that not only the antibodies prepared against free FNR, but also those prepared against free flavodoxin, recognize those proteins when they are integrated in the complcx. These data suggest that the cross-linked complex formed by reaction with the carbodiimide retains the characteristics of the native proteins, as far as the immunogenic sites are concerned.
Kincti(' charuclerization
Treatment of FNR with EDC (0-20 mM) for times up to 150 min did not result in any appreciable inhibition of NADPH -Fe(CN)i-reductase activity. A 50% decrease in maximal activity is observed, however, when a mixture of FNR and flavodoxin is treated with EDC. The inclusion of NADP' in the incubation mixture does not prevent the observed decrease in activity. A comparative kinetic study was done with FNR and with FNR cross-linked to flavodoxin ( Table 1) .
The K, for NADPH is unaffected on complex formation while the K,,, for ferricyanide and the turnover number are increased and decreased, respectively, by a factor of two ( Table 1 ). This data is in reasonable agreement with studies on the spinach F N R covalent complex with ferredoxin [7] , in which it was shown that the NADPH-binding site is distinct from the ferredoxin-binding site. A similar conclusion can be made from this data regarding the flavodoxin-and the NADPH-binding sites.
The data in Table 1 also shows that ferredoxin is approximately 27-fold more efficient (100 s-') than flavodoxin (3.7 s-') in mediating NADPH -cytochrome-c reductase activity. The observed turnover number of the crosslinked FNR-ferredoxin complex is about 70% of that in the dissociable system where ferredoxin is in large excess of FN R [7] . The values in Table 1 show that the cytochrome-c reductase activity of the cross-linked flavodoxin-FNR complex, determined in aerobic conditions, is also quite similar to that determined when the flavodoxin concentration is extrapolated to infinity. It should be noted that when equimolar amounts of flavodoxin and F N R are assayed, considerably lower activity is observed than with the covalently cross-linked preparation. This is most likely due to the known affinity of cytochrome c for flavodoxin [8] which, being in excess, would effectively compete with FNR for the added flavodoxin since their respective binding constants are comparable [8, 12] . This observation supports the notion of the requirement for a complex of FNR with flavodoxin prior to the electron-transfer reaction. The use of covalently cross-linked preparations of these two proteins allows the study of electron transfer between the respective flavin coenzymes independent of the complex formation process.
Kinetic studies on Jluvodoxin semiquinone oxidation by cyrockrome c
As will be shown below, the neutral FMN semiquinone form of the bound flavodoxin can be prepared as the only reduced cofactor in the complex since it is expected to exhibit the highest oxidation/reduction potential. Since the cyto-
Time, s Fig. 3 . Stuppcdjlow absorbance kinetic traces of h e oxidution ufcrusslinked complex ,flawdooxin semiquinone by horse heart cytochrome c.
The reaction was monitored at 580 n m and at 25'"C under anaerobic conditions. Flavodoxin scmiquinone was generated by illumination in thc presence of 1 pM 5-deazariboflavin and 1 mM EDTA. The buffer used was 5 mM Hepes, 45 mM KCI, 1 mM EDTA, pH 7.25. The reactant concentrations (after mixing) were cross-linked complex (14 
Sludies on the relutive oxidation reduction potentials oJ'the.fluvin cofactors in the complex
The two-electron oxidation/reduction potential of free F N R has been shown to be -320 mV at pH 7 [15] ; the quinone/semiquinone potential estimated to be -370 mV and the semiquinone/quinol couple estimated to be -270 mV. Log DADP+~/@ADP~~ [NADPH] during second oxidative phase of the titration described in (A). Fld,,. flavodoxin semiquinone; FldHo, flavodoxin quinol; ox. oxidised; red, reduced be -500 mV at pH 8.0. It was of interest to determine if these respective potentials are altered on covalent cross-linking of the two proteins. Previous studies [21] have shown that the potential of ferredoxin bound to F N R is altered by -90 m V relative to the free form, whereas the potential of F N R is relatively unchanged. A solution of cross-linked FNRflavodoxin was reduced under anaerobic conditions by illumination in the presence of 5-deazariboflavin and EDTA. The spectral changes accompanying reduction showed the flavodoxin neutral semiquinone was formed initially, followed by reduction of FNR to its quinol with no observable levels of semiquinone and finally, reduction of the flavodoxin semiquinone to the quinol. This sequence of events is predicted by the relative redox potentials of the free flavoproteins. 
From the plot in Fig.4A , a slope of 0.55 is observed and thc difference in midpoint potential between the semiquinone/ quinol and NADP+/NADPH couples is calculated to be ~ 48 mV. Therefore, the calculated flavodoxin semiquinone/ quinol couple is -395 mV at pH 8.0 which is about 100 mV higher than that of the free form at the same pH. A similar analysis for the potential of FNR in the covalent cotnplex (Fig.4B) shows a slope of 1.27 (theoretical = 1.0) and a potential of -354 mV, which is approximately 26 mV higher than that estimated for the free form at pH 8.0. All of these calculations make the assumption that there is little change in potential of the NADP+/NADPH couple on interaction with FNR. Previous results [lS] demonstrated the potential measured for FNR on balancing the NADP+/NADPH couple was identical to that determined by spectrocoulometry.
The calculated increase in the semiquinone/quinol couple of the cross/linked flavodoxin is also supported by the level of semiquinone observed on the addition of NADPH (in the presence of NADase) to an anaerobic solution of the complex. The spectral data in Fig. 5 show that, on addition of NADPH, flavodoxin is reduced by FNR to the semiquinone form and finally to a mixture of semiquinone and quinol. If the semiquinone/quinol couple were at -500 mV, little or no quinol should be observed even in the presence of NADase, which hydrolizes the NADP' formed.
Whether the quinone/semiquinone potential of the bound flavodoxin is altered relative to that of the free flavodoxin is not answered by the experiments presented here. Clearly, this redox couple is the highest of those in the complex. If this couple were lowered to any significant amount on complex formation, we should have been able to detect it during the NADP' oxidative titrations of the reduced complex.
In conclusion, several interesting similarities and differences are apparent in comparing the properties of the crosslinked FNR-flavodoxin cotnplex with those of the crosslinked FNR-ferredoxin complex [7] . Both complexes maintain diaphorase activity and are reduced under anaerobic conditions by NADPH which shows the pyridine-nucleotidebinding site in the reductase is unaffected by the cross-linking reaction. Cytochrome c is able to bind to ferredoxin when complexed to FNR [7] whereas, as shown above, it cannot readily bind to the cross-linked flavodoxin for efficient electron transfer. Of particular interest is the finding that covalent cross-linking raises the oxidation/reduction potential of the semiquinone/quinol couple of flavodoxin by approximately 100 mV. Although potential studies have not been carried out on cross-linked ferredoxin, the electrostatic complex of ferredoxin with FNR both from spinach [21] lowers the Fe/S potential by 90 mV. In both situations, the FAD potential of FNR is relatively unaffected. In spite of the observed upward shift in potential, FNR is still not able to rapidly transfer electrons to the FMN center of flavodoxin. This suggests the orientations of the respective flavin centers are not optimal for efficient electron transfer. If would be of interest, in future studies, to determine the effect of electrostatic binding on the flavodoxin redox potential which would (a) provide information on the relative structural identities of the cross-linked and electrostatic complexes with FNR and (b) determine whether any changes in binding affinities occur on reduction of the proteins relative to the Kd known for their oxidized forms [12] . Furthermore, this FNR-flavodoxin cross-linked complex might be a useful probe to assess FNR functionality in the thylakoid membrane system since it would preclude any interaction with ferredoxin.
